We construct a three-dimensional P wave velocity model of the southern California crust by combining existing one-dimensional models, each describing a region defined by surface geology, and calibrate the model with travel times from three explosions. The model is expressed as blocks, each of a given slowness. The variance of the P wave travel time residuals of =1000 earthquakes relocated in and near the Los Angeles basin, where the model is most detailed, is half that of the catalog locations in the standard one-dimensional model for southern Califo•a. Starting from the forward model, we invert =21,000 P wave arrivals from earthquakes for hypocenters and block slownesses using the technique of Roecker (1981). The variance of these P wave travel time residuals decreases 47% during the inversion. Many of the blocks representing the upper crust and midcrust are well sampled and well resolved. The resulting model is useful both for locating earthquakes and for comparing the geologies of the different regions. For example, the velocity structure of the Los Angeles basin represents seismically slow sediments on top of basement rocks having velocities similar to the granitic rocks under the Peninsular Ranges. Moho is between 26 and 32 km depth. In contrast, the Ventura basin has mostly slower sediments above a deeper, higher-velocity basement. Compared to catalog locations, relocations in the final three-dimensional model of 98 Moe >4 earthquakes throughout southern California tend to deepen below sediment filled valleys and basins, shallow in regions without sedimentary cover, and have a 44% lower P wave travel time residual variance.
INTRODUCTION
The southern California crust has often been assumed to be one-dimensional in studies of the seismicity of the region, yet the crust is heterogeneous. Three-dimensional velocity models can provide more accurate earthquakes locations and focal mechanisms than one-dimensional models; these improvements can better resolve seismogenic structures. Further, a better understanding of the crustal seismic velocities may help to identify the types of rocks that make up the inaccessible parts of the crust and to constrain geologic models of the evolution of the crust.
Movement along faults can juxtapose rocks with different seismic velocities, so that seismically active areas often contain lateral velocity variations. Also, deep, sediment-filled basins produce strong lateral variations in seismic velocities. These velocity variations cannot be represented in a one-dimensional velocity model. Recent studies of earthquakes in deep, sediment-filled basins in southern California have auempted to correct for the presence of thick sequences of seismically slow sediments by using hybrid one-dimensional models (e.g., forward modeling, the constituent one-dimensional models are joined together to construct a three-dimensional model. In the inverse model, the provinces define the blocks that make up the three-dimensional velocity model.
FORWARD THREE-DIMENSIONAL VELOCITY MODEL
The forward model was originally developed to locate earthquakes in the Los Angeles basin. There are large contrasts between the seismic velocities of the sediments of the basin, of the crystalline rocks of the adjacent Peninsular and Transverse ranges, and of the thinner crust of the offshore region. Accurate earthquake locations are needed to study the many recent felt earthquakes within the populous Los Angeles basin and to evaluate the seismic risk of blind thrust faults beneath the basin [Davis et al., 1989] .
Constructing the Forward Model
The three-dimensional model was constructed by dividing southern California into 23 provinces based on surface geology and physiography (Figure l a) and using a one-dimensional model for each province derived from existing seismic refraction, borehole, and earthquake and explosion travel time studies (Table 1 ). The one-dimensional models (Table 2) 
Calibrating the Forward Model
We calibrated the three-dimensional velocity model by comparing travel times calculated in the model to the observed travel times of explosions with known origin times and locations. Calibration of the model is warranted by the greater extent of each province compared to area in which each constituent one-dimensional model was determined. Calibration also mitigates the effect of the unnaturally sharp province boundaries on the travel time residuals and corrects for any differences between near-surface velocities under the permanent seismograph stations sited on bedrock and refraction geophones often placed on alluvium. We occasionally modified the province boundaries by teassigning blocks along a boundary from one province to the adjacent province. We also tested competing one-dimensional velocity models proposed for some provinces and selected those that best fit the explosion travel times.
We calibrated the model through trial and error modifications to the velocity smactures to reduce the travel time residuals for three explosions: Corona (H. Kanamori Velocity is P wave velocity; depth is depth to top of layer.
Whittier Narrows [Perkins, 1988] In the forward and inverse modeling, an approximate raylxacing technique is used [Thurber and Ellsworth, 1980] . For each source-receiver pair, a vertical plane containing the source and receiver is defined, then within each layer the slownesses of all the blocks intersecting that plane are averaged to produce a single average slowness per layer, producing the average onedimensional slxucture between source and receiver. The ray path with the smallest travel time in the average one- locatiom that recorded exploaion travel times for the forward model and that rew. orded earthquake travel times used in the inversion. dimensional structure is found, and that ray path is followed through the full three-dimensional block model to calculate the travel time and the partial derivatives in each block hit by the ray.
Not all parts of the model are equally sampled by the explosions. Seismic rays from the blasts sample most thoroughly the upper and middle crustal layers of provinces near the Los Angeles basin. The quality of calibration decreases away from the basin. Rays reaching provinces far from the basin travel through the lower crust and Moho of several provinces, and it is hard to separate errors in velocities and Moho depths of each province from one another. These same rays spend litfie time in the upper layers of the distant provinces, so a meaningful calibration of the upper layers of these provinces is difficult. Also, the calibration explosions are harder to pick accurately at large distances. The offshore region is a large area of complicated geology, but has few seismometers and so has few blast observations.
In Figure 3 we compare residuals of the explosion P wave travel times calculated in the final forward three-dimensional velocity model to the residuals from the standard onedimensional model (Table 2) When the southern California array data are processed, the arrival time picks are assigned qualities according to the maximum error in the timing of the pick ( Distance, km (Table  4) , it is assumed here that the maximum errors correspond to the standard deviation of the arrival time errors. The lowest maximum error, 0.02 s, is determined by the array digitization rate. The actual weight used here for that quality pick corresponds to a maximum error of 0.03 s, a realistic value that avoids overweighting the best quality picks. Earthquakes relocated in the three-dimensional model (Figures 4 and 5) cluster more tightly along the NewportInglewood and San Andreas faults, and the Whittier Narrows sequence is more compact and has a more sharply defined aftershock zone. The Newport-Inglewood fault does not appear clearly in the cross section because the cross section intersects that fault obliquely and because of the more diffuse seismicity associated with that fault compared to the San Andreas fault.
The line of hypocenters at 6 km depth in the catalog location cross section is due to the fixed depth of earthquakes whose depths were problematic due, in part, to the inadequacy of the standard one-dimensional model. In the relocations depth was not fixed, and these events scauer to various depths with small (<1 km) errors. Other than the 14-to 17-km-deep Whittier Narrows sequence, the relocated earthquakes do not cluster at any particular depth.
The latitude and longitude differences between the catalog locations and the relocations are typically <1 km and average to near zero. The relocafions are, on average, deeper (0.9 km for ML 1 to 2 events and 2.4 km for ML> 3 events) and earlier (0.22 s for M6 1 to 2 events and 0.28 s for M6 > 3 events) than the catalog locations. The differences between the magnitude ranges are due to the larger events being recorded at more stations. The variance of the P wave travel time residuals for There is a great number of earthquake arrival times available from the southern California seismic array, and the associated ray paths sample most of the crust. Here, earthquake and explosion P wave travel times are inverted for a threedimensional velocity structure of southern California. (Table 6) the earthquake relocations and the velocity inversion steps. For the earthquake locations, the distance cutoff was 100 km to get the best quality locations. With that cutoff, the seismic rays used for the locations sample only the better constrained parts of the velocity model (the middle and upper crest). For the inversion the distance cutoff was set to 900 km, purposely larger than the model. This was done to include all P, arrivals in the inversion to improve resolution in the relatively poorly sampled lower crust and uppermost manfie. Arrivals with large residuals are also downweighted with the residual cutoff set to 3 s for the velocity inversion and set to 3 (1) s for the first (las0 iteration during the earthquake relocations.
Data
We desired well-located earthquakes in order to have accurate travel times to put into the inversion. Travel time residuals of poorly located earthquakes may reflect location errors rather than the velocity variations of interest. We sorted the USGSCaltech earthquake catalog to find earthquakes well distributed in latitude, longitude, and depth occurring between 1978 and 1988. Earthquakes with fewer than 10 S and P wave arrivals were discarded, and the best quality arrival times from multicomponent stations were selected. The latter step avoids overweighting of multicomponent stations that may have several arrival time picks. We relocated the remaining earthquakes in the forward three-dimensional model (with 24 layers) using the arrivals determined from routine processing. We discarded earthquakes with horizontal or vertical location errors of > 10 km, an azimuthal gap to receivers of >180 ø, or a large condition number (the ratio of the largest to the smallest eigenvalue). The first two criteria directly indicate poor quality locations, and the third warns of lack of control over one of the hypocenter parameters. The remaining 1041 earthquakes (Figure 8) , with about 21,300 P wave travel times (Figure 9 ), were relocated in the eight-layer model with the superblock reparameterization to generate the travel times used in the first iteration of the inversion. The 245 travel times from the three explosions discussed above were also used, but these explosion locations were held fixed. In the P wave travel times used in the inversion (Figure 9 ), note that both Pg and P, can been seen beyond about 150 km.
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Only first arrivals are picked during processing. This means that for some arrivals, the first arrival P, was overlooked and the later arriving, larger-amplitude Pg was picked instead. This may cause the inverted P, velocities to be lower than reality. Closer than 150 km the data are generally well-behaved. The data far off the P branch are ignored by the inversion via the large residual cutoff.
Results
Five iterations of earthquake relocations and superblock velocity adjustments were run. The last iteration's results (Table  5 and by 47% and 46%, respectively, compared to the starting models (Table 3) . With the station corrections, 119 of the 184 superblocks of the model were inverted, and 117 superblocks were inverted in the runs without the station corrections (not all the superblocks had the minimum required number of hits). The blocks that changed velocity during the inversion to reduce the travel time residual variance are distributed throughout the model rather than concentrated in any area. The block boundaries are fixed during the inversion, so a resulting velocity is an average for the block. For example, a block straddling the Moho that is evenly sampled by uniform quality data will have a velocity that is an average of the true lower crust and upper mantle velocities contained in that block.
The reliability and believability of the inversion results can be judged in several ways. The model resolution matrix (Table 5) indicates both how uniquely an inverted velocity represents the true velocity within a block and how much the inverted velocity depends on the data versus depending on the starting model. Table 1 for region names and Table 6 for resolutions.
Most blocks are well resolved. Some, mostly in the top layer and bottom two layers, are not well resolved, due to poor ray coverage. The top layer contains few sources and is sampled mostly by upgoing rays, unlike the other layers, which are also sampled by rays refracting along the layer interfaces. Blocks in the bottom layers contain few sources, and are sampled only by P.. The P. coverage may be biased, for example, in a block that is long and narrow in map view, so the P. arrivals cross only the short dimension of the block; that is, the rays sampling Another way to judge the inversion results is to see how well the final velocity model fits the explosion travel times. Of course, the explosion travel times were used in the inversion but constituted only a =1% of the data used. The Catalina, Whittier Narrows, and Corona explosion travel time residual variances are 6%, 20%, and 31%, respectively, lower in the final model than the starting model (Table 3 ). The forward threedimensional model has a lower variance than the inversion result for the Whittier Narrows blast (Table 3) It is interesting to make some geologic interpretations of the velocity results (see Figure la and Table 1 for place names). In the blocks representing the Los Angeles basin region the inversion had good data coverage and resolution, except for the poor resolution of the top block. However, the velocity of that block was well constrained by the Whittier explosion travel time data during the forward modeling. The top layer (from 3 km above sea level to 0.5 km depth), has a P wave velocity of 2.6 km/s, typical of unindurated sediments [Dobrin, 1976] The earthquakes were recorded on the USGS-Caltech seismic network in southern California. Arrival times and catalog hypocenters come from the routine processing [Given et al., 1986] of the recorded events. The Mr> 4 earthquakes were arbitrarily selected from the Caltech catalog; each event was between 1978 and 1988 and has 10 or more P and S wave phase picks and good azimuthal coverage by the network. Earthquakes that had been used in the inversion to generate the model were discarded. The magnitude cutoff was chosen only to limit the number of events to be relocated.
The earthquakes are relocated in the inverse threedimensional velocity model (found with station delays) with a cutoff for distance downweighting of 100 kin. This cutoff eliminates rays that traveled through the blocks representing the lower portions of the model that were not well constrained. Arrivals with large residuals are also downweighted, with the residual cutoff set from 3 to 1 s for the first to last iteration of the location program. S wave arrivals are given one-half the weight of P wave arrivals, and a V•,/V, ratio of 1.73 is assumed, but only 1.6% of the arrivals used were S waves.
The earthquakes relocated in the three-dimensional model have a P wave residual variance 44% lower than the catalog locations in the standard one-dimensional model (Table 3) These results underscore the limitations of a one-dimensional velocity model when examining earthquakes over an area of such diverse geology as southern California. Substantial changes in hypocenter locations, especially in depth, can result from shifting from a one-to a three-dimensional structure; these changes often exceed the standard errors computed in a onedimensional structure. Use of these three-dimensional models should improve earthquake locations, and hence our understanding of seismogenic structures, throughout southern California.
